Abstract In order to alleviate the risks of urban flooding and diversify Singapore's sources of water supply, an innovative idea of underground reservoirs was proposed. This infrastructure could have significant long-term impacts on the water resources system in Singapore. In addition, among various alternatives to augment water supply, decision makers need to know which ones are the more sustainable plans to pursue. This research proposes a novel integrated decision support tool that synergizes System Dynamics (SD) and a multi-criteria decisionmaking method called Analytic Hierarchy Process (AHP). First, a SD model takes in realworld data and simulates the consequences of different alternative plans under various scenarios of future population growth. Second, AHP is applied to compare different alternatives based on their performance as revealed by the SD simulation and the judgment of decision makers. Through the SD modeling we found that the proposed underground water storage system is not going to have a profound impact on Singapore's adequacy and selfsufficiency in water, mainly because of its limited capacity and long construction time. Decision analysis through AHP reveals that if the population increases rapidly or mildly, then the order of priorities are: 1) seawater desalination; 2) NEWater (brand name for reclaimed water); 3) local water catchments; 4) underground water storage; 5) status quo. This novel integrated decision support tool, together with real-world data, could be applied to many other similar situations around the world in which policy makers need to make critical decisions with significant long-term implications, both in water systems and beyond.
Introduction
The growing scarcity of quality water is a global concern in the 21st century (Simonovic 2002b) . On the demand side, rapid population growth and economic development will lead to even higher demand for fresh and clean water (Amarasinghe and Smakhtin 2014; Padowski and Gorelick 2014) . On the supply side, climate change has caused the rainfall to be less predictable and natural sources of water less reliable (Piao et al. 2010; Hall et al. 2014) . The demand-supply imbalance in the water sector calls for more innovative water management practices, so as to provide sufficient quality water for present and future generations. This is the ultimate goal of sustainable water resources management, in alignment with the United Nations' broader definition of sustainability (World Commission on Environment and Development 1987) .
Besides the challenges brought by climate change on the global scale, Singapore, a small city-state at the heart of Southeast Asia, faces many other challenges which are unique to its local context. With limited land area and water resources, the Republic has been purchasing water from Malaysia under two water agreements (Public Utilities Board (PUB) 2011a). This dependency on imported water is widely perceived to be a threat to Singapore's sovereignty and well-being (Chia and Pin 2008) .
Furthermore, as extreme storms become more intense and frequent, several incidents of urban floods have occurred in the country's premier residential and business districts (AsiaOne 2011; Channel NewsAsia 2011; Lur 2011; PUB 2013) . In order to alleviate the risks of flooding and diversify water supplies, Singapore's former Chief Defense Scientist, Professor Lui Pao Chuen, proposed an underground water storage system in 2012. This large-scale infrastructure allows extra rainwater to be stored in underground rock caverns and be pumped up in times of water stress (Chua 2012) . As there are already similar rock cavern projects completed in Singapore and Japan (Nordmark 2002; Parker 2004; Tezuba and Seoka 2003) , building more rock caverns for the dual-purpose of storm-water storage and water supply augmentation seems to be a technically feasible project. If constructed and put into operation, this new underground infrastructure will have significant long-term impacts on the integrated water resources system in Singapore. In addition, among the many alternatives to augment Singapore's water supplies, decision makers need to know which ones are the more sustainable plans to pursue.
To facilitate holistic, long-term planning and decision-making, this paper proposes a novel integrated decision support tool that synergizes System Dynamics (SD) and a multi-criteria decision-making method called Analytic Hierarchy Process (AHP). It also demonstrates the usefulness of this innovative approach in helping to achieve sustainable water resources management in Singapore. Section 2 shows the synergies between SD and AHP and how these two methods complement each other to provide new insights. Section 3 presents the SD simulation results and discusses the priorities of five alternative development plans, as revealed by AHP. Section 4 summarizes main research contributions of this study. Figure 1 shows a schematic overview of a novel integrated SD-AHP decision support tool. First, a SD model takes in real-world datasets and simulates the consequences of alternative development plans under various population scenarios. Second, AHP is applied to compare different alternatives based on their performance as revealed by the SD simulation and the judgment of decision makers. This approach enables synergies between SD and AHP and helps to reach more informed decisions.
A Novel Integrated Decision Support Tool

SingaporeWater System Dynamics Model
Justification for the Application of SD
System Dynamics (SD) is an approach to understand the behavior of complex systems over time and to capture internal feedback loops and time delays that affect the behavior of the entire system. This method has been widely used in water resources planning and management (Winz et al. 2009 and references therein). For example, SD has been used to study water resources in Canada (Simonovic 2002a, b; Simonovic and Rajasekaram 2004; Ahmad and Simonovic 2006) , in China (Dai et al. 1992; Xu et al. 2002; Yang et al. 2014) , in Spain (Fernandez and Selma 2003) , and in Iran (Madani and Mariño 2009; Ghashghaei et al. 2013; Ghashghaie et al. 2014) . Its capabilities to quantitatively simulate the dynamic consequences of various policies make it an ideal decision support tool for strategic policy testing and selection. Here we use SD to study the long-term demand and supply of water in Singapore and to explore alternative pathways to achieve sustainable water resources management. Figure 2 illustrates the key components in Singapore's water sector. The city-state has invested heavily in desalination, wastewater reclamation (branded as NEWater), water catchment management and other similar projects (PUB 2005 (PUB , 2010a (PUB , b, 2011c (PUB , 2012a . The Public Utilities Board, Singapore's national water agency, is now managing the whole water cycle, from sourcing to the collection, purification/ treatment and supply of drinking water, and the management of waste and storm Fig. 1 Schematic overview of a novel integrated SD-AHP decision support tool that helps decision makers to reach more informed decisions water (PUB 2011b) . The concerted efforts to close this loop demonstrate the country's sheer determination to maximize the use of all the water resources available.
Model Formulation and Development
Based on a basic demand and supply framework, we developed a system dynamics model called SingaporeWater. It runs from year 2000 to 2100, so as to reveal the long-term impacts of proposed plans. This is necessary because Singapore's second water agreement with Malaysia will expire in 2061 (PUB 2011a) and the proposed hydrological infrastructures, such as underground reservoirs and water treatment plants, have long useful lives. On the demand side, population level and economic growth determine the total demand for water. On the supply side, the Four National Taps-local catchment water, imported water, NEWater, and desalinated water-provide water for both domestic and non-domestic consumptions.
A Causal Loop Diagram in Fig. 3 (a) captures these key factors. The polarity of the link (+/-) indicates the change in one variable induced by a cause. A positive sign indicates that the two variables change in the same direction: an increase/decrease in one variable induces an increase/decrease in another variable. Conversely, a negative sign indicates change in the opposite direction. For example, an increase in total domestic demand will induce an increase in total demand, if other variables are kept constant. The || sign indicates a time delay. For instance, when government funding for the water sector increases, it will take a few years to build seawater desalination plants. Thus, the positive link between government funding and the capacity of desalination plants has a known time delay.
We identified adequacy of water, self-sufficiency in water, and economic sustainability as the three most important aspects of sustainable water resources management in Singapore. They are quantified by three key indices (Eqs. 1 to 3). To have adequate water means that the total water supply must be higher than or equal to the total water demand. The goal is to have adequacy index larger than one throughout the 21st century. Self-sufficiency index shows how much water demand is met by Singapore's own water, excluding imported water. It should be greater than or equal to one in order to reach self-sufficiency in water. Economic sustainability in the water sector is captured by the cost index. It gives a sense of how much investments have been used to sustain a particular level of water supply. Generally, the higher the cost index, the less cost-effective the development plans are. Figure 3(b) shows the key stocks and flows in the model, including the proposed underground reservoir. It is assumed that excessive rainfall and water surplus will flow into the underground rock caverns. The stored water could then be pumped up whenever the need arises. Fig. S1 in Supplementary Materials shows the complete stock and flow diagram. Comparing the diagram and the system description by PUB leads to the conclusion that the SD model does capture the key components of Singapore's integrated water resources system.
Most of the input data are obtained from open sources published by various governmental agencies such as PUB, Ministry of Environment and Water Resources, Singapore Department of Statistics, and National Environment Agency. The costs of building underground reservoirs, NEWater plants, and local water catchments are estimated from those of similar projects in Singapore. Key information about these water-related projects are tabulated in Table S1 . All model input data, formulae, and detailed explanations are provided in Supplementary Materials. Note that the annual investments, from both private and public sectors, refer to the initial investments in building up the infrastructures. They do not include the yearly operational and maintenance costs of the Four National Taps. A further simplification is that all the estimated costs in this study are in current dollars.
Assumptions in SingaporeWater
Because of limited information and the inherent uncertainties in almost all real-world systems, assumptions have to be made during model building. The first assumption is that both the private and public sectors will only start to invest in the water sector when there is inadequacy of water. This is reasonable because a high adequacy index does not justify the investments of limited resources into the water sector. Instead, the resources could be diverted to other sectors such as education, transportation, and healthcare in which the need for investments might be more urgent.
Secondly, it is assumed that there is a limit to reservoir expansions and the constructions of underground rock caverns. As Singapore's land area is limited, both reservoirs and underground rock caverns could not expand infinitely. In this model, the limits of underground storage and surface reservoirs are set at 100 and 500 million m 3 respectively. These conservative estimates could be updated when more information are available.
Thirdly, water supply from all Four National Taps is assumed to be of superb quality. This means that every drop of water meets the quality standard for drinking water. Although NEWater is mainly for industrial uses, it could also be used as portable drinking water (PUB 2012b). Therefore, the SD model did not distinguish water supply for industrial or domestic consumptions.
Fourthly, the per capita water demand is assumed to be constant throughout the 21st century. When there is a better way to model per capita water demand in Singapore, it could be easily implemented in the model.
Model Calibration and Validation
To increase confidence in SingaporeWater, we performed model calibration, direct structural tests, and sensitivity analysis. Model calibration is the process of estimating the model parameters to obtain a match between observed and simulated behavior (Oliva 2003) . Direct structural tests assess the validity of the model structure, by directly comparing the simulated reference mode with knowledge about the real system. Sensitivity analyses of some uncertain parameters are "strong" behavior tests that can help uncover potential structural flaws (Barlas 1996) .
Although most of the population data are made available by Singapore's Department of Statistics, the net immigration level is not publicly accessible. This is an important variable that significantly affects the future population level and, consequently, the future water demand. Its value is estimated through calibrating it with the total population level from 2000 to 2011. As shown in Fig. S2 , the simulated population level matches the real data satisfactorily when the net immigration level is estimated at 163,000 persons per year.
Besides calibration, direct structural tests also help to improve the validity of the model. Figure 4 (a) shows the demand forecasts in SingaporeWater. It captures the situation in which the population level grows at the same rate as that of the 2000s. On the demand side, as the population grows rapidly, both domestic and non-domestic demands for water increase significantly throughout the century. Figure 4 (b) shows the water supplies from the Four National Taps. Imported water decreases drastically in 2011 and in 2061 because of the expirations of two water agreements with Malaysia. Water from local reservoirs is stable with natural variations due to fluctuations in rainfalls. Water supplies from desalination plants and NEWater plants increase as new plants start operation. However, as the existing plants close down after their useful life, the supply of water from these two National Taps drops to zero from the 2030s onwards.
Because of the availability of imported water and the addition of desalinated water and NEWater, Singapore will continue to enjoy high adequacy of water until early 2030s (Fig. 4(c) ). The model demonstrates that Singapore has achieved full self-sufficiency in water in 2010 and will continue to be self-sufficient till 2030. This is cross-validated with Dr. Lee Poh Onn's research results, which concluded that Singapore should no longer be in a "water scarce" condition by 2011 (Lee 2010) . As there are no future investments in the reference mode, the cost index, not featured here, is consistently zero.
However, due to the termination of imported water and closing down of existing water plants, the adequacy of water and self-sufficiency in water drop drastically from the 2030s onwards (Fig. 4(c) ). The results of these structural tests are consistent with the situations in the real system and research results of other studies. Thus, it could be concluded that the SD model is structurally valid.
Stronger than the direct structural tests are the structure-oriented behavior tests, such as sensitivity analysis. It asks if the real system would exhibit high sensitivity to one particular (Barlas 1996) . One such parameter in SingaporeWater is the total capacity of the surface reservoirs. We conducted sensitivity analysis of the reservoir capacity.
Figure 4(d) shows the system responses when the total reservoir capacity is estimated at 100 million m 3 (red lines) and 300 million m 3 (blue lines). The general patterns of the adequacy index and self-sufficiency index are similar in both cases. They both increase to a peak in 2020 before dropping to below 1 from 2030 onwards. Seasoned researchers know that "a wellstructured model will generate the same general pattern despite the great uncertainty in parameter values" (Ford 1999) . Therefore, this is demonstrated that the dynamic hypotheses in SingaporeWater are valid.
Furthermore, when the total capacity is set at 300 million m 3 , the adequacy index and selfsufficiency index are both unrealistically high (Fig. 4(d) ). This implies that a lower estimate at around 100 to 200 million m 3 seems to be more realistic. Based on this observation, the final reservoir capacity is estimated at 150 million m 3 . In a nutshell, the results of the validation process have established a high model confidence. Driven by credible real-world data, the SD model captures the essence of Singapore's water system. It can then be used to test various development plans.
Analytic Hierarchy Process for Decision Support
As Singapore strives for high adequacy of water and full self-sufficiency in water, it is also concerned about economic sustainability in the water sector. For example, although seawater desalination seems to be promising, at the current level of technology, it is still energy-intensive and costly (Elimelech and Phillip 2011) . Thus, there is an apparent trade-off among these three key aspects of sustainable water management. This calls for multi-criteria decision-making (MCDM) tools, such as AHP, to help solve this complex problem with multiple conflicting and subjective criteria. The following sections briefly explain the rationale of applying AHP, how it works, and the basic structure of the decision hierarchy used in this study.
Justification of the Application of AHP
The strength of AHP lies in its ability to structure a complex, and multi-attribute problem hierarchically, and then to investigate each level of the hierarchy separately. Incorporating both qualitative and quantitative information, AHP educes a relative ordering of immeasurable subjective preferences by pair-wise comparison. Compared to other MCDM methods, AHP generates a ranking of all alternatives, instead of the most favorable alternative. In this way, it provides more information to the decision-makers rather than simply reporting the "best" alternative (Liu 2004) .
Although AHP has been criticized for the possibility of rank reversal, it is still a useful and powerful tool because of its simplicity and its ability to translate subjective judgements into quantitative ratios (Stewart 1992) . The user-friendly supporting software, Expert Choice, has certainly contributed to the widespread use of the method. AHP has been successfully applied in strategic water resources planning and management (e.g., Wang 2008; Young et al. 2009; Ennaouri and Fuamba 2011; Han et al. 2012; Chowdary et al. 2013; Srdjevic and Srdjevic 2014) .
AHP Explained
AHP provides a comprehensive framework to structure a decision problem, represent and quantify decision criteria, relate these criteria to overall goals, and then evaluate alternative plans through pair-wise comparisons. The application of AHP mainly consists of four steps: 1) set up a decision hierarchy by breaking down the decision problem into goal, criteria, subcriteria, and decision alternatives; 2) collect input data for pair-wise comparisons of the decision elements; 3) use the eigenvalue method to estimate the relative weights of the decision elements, and determine the consistency of the judgements; 4) aggregate the relative weights of the decision elements to rank the decision alternatives (Liu 2004) . For more details about the method, please refer to Saaty (1990) .
Basic Structure of the Decision Hierarchy
Although defining and measuring sustainability is a major challenge, water resources managers should still try to identify and quantity the multiple facets of sustainability (Loucks 2000; Harmancioglu et al. 2012 ). This section presents the basic decision hierarchy with the overall goal of achieving sustainability in water resources management. As shown in Fig. 5 , the three key criteria for sustainability in Singapore's case are defined as adequacy of water, self-sufficiency in water, and cost. The third level in the hierarchy consists of the five long-term development plans the public and private sectors could choose to pursue. Plan 1 is not to invest in the water sector so as to keep the status quo. The other four plans are about investing 0.5% to 1% of the nation's Gross Domestic Product solely into one of the four development plans.
Two-Attribute Trade-Off Analysis
The basic decision hierarchy in Fig. 5 has included the cost factor into decision analysis, thus pre-committing the cost constraint into the process of decision-making. However, sometimes decision makers might want to see how the system could perform with respect to the cost factor. Another way to analyze the situation is to isolate the cost factor from other factors and then conduct a two-attribute trade-off analysis between cost and another critical decision criterion.
To better visualize the trade-off between two decision criteria, we conducted a simple twoattribute trade-off analysis by plotting the average self-sufficiency index against the average cost index. This trade-off analysis aims to complement the AHP analysis and offers an 
Results and Discussions
This section presents the simulation results from SingaporeWater SD model and the priorities of the five plans under three population scenarios as listed below.
Scenario 1: Singapore's population continues to grow rapidly at the same rate as that of the 2000s. Scenario 2: The population grows gradually from five million to six million people over the 21st century. Scenario 3: The population shrinks steadily with no intake of immigrants and the current level of birth rate and death rate.
SD Simulation Results from SingaporeWater
Simulation Results Under Scenario 1
In Scenario 1 Singapore's population keeps increasing at the rate of the 2000s. Figure 6 (ai) shows that the population grows from about 4 million in 2000 to about 10 million in 2100. Because of the rapid population growth, the total demand for water also increases steadily, reaching 1.3 billion m 3 per year in 2100. If Singapore adopts Plan 1, which is not to invest in the water sector and keep the status quo, then it will suffer severe inadequacy of water from the early 2030s onwards, as shown in the reference mode in Fig. 4(c) .
If Singapore invests in underground water storage, due to shortage of water from the 2030s onwards, water stored underground will be pumped up continuously (Fig. 6(aii) ). However, it is insufficient to meet the increasing demand for water: adequacy and self-sufficiency indices are both below 0.5 after 2060. As the initial costs of building underground rock caverns are significantly higher than other infrastructure projects, the cost index is consistently at a high level (Fig. 6(aii) ).
If the Republic invests in seawater desalination as and when there is inadequacy of water, then the water supply from desalination ( Fig. 6(aiii) ) will be oscillating drastically. Due to the time delay associated with the constructions of new desalination plants, the adequacy and selfsufficiency indices will follow a cyclic pattern: in each cycle, it falls below 1 for about 5 years before shooting up to almost 2 in the subsequent 5 years (Fig. 6(aiii) ).
If Singapore invests in NEWater instead, then the water supply from NEWater ( Fig. 6(aiv) ) will also be oscillating from the 2030s to the 2060s. As the shortage of water grows more severe after 2061, the recyclable used water will also decrease sharply. Similar to the case of desalination, the adequacy and self-sufficiency indices follow a cyclic pattern, with 5 years of water shortage followed by another 5 years of water abundance (Fig. 6(aiv) ).
If the city-state invests in local water catchments in early 2030s, in about 6 years' time, the limit of reservoir expansions will be reached. This means that, even if there are more investments into it, the water supply from catchments will always stay constant (Fig. 6(av) ). As the increase in water supply could not meet the rapid increase in water demand, both adequacy and self-sufficiency indices are consistently below 1 after 2030. The merit of this plan is that it is least costly among all the investment plans ( Fig. 6(av) ). In conclusion, if the population continues to grow rapidly, then investing in underground or local water catchments is not sufficient to help Singapore achieve adequacy and selfsufficiency in water. Under the assumption that investments will only come to the water sector when there is inadequacy of water, investing in desalination or NEWater would result in about 5 years of water shortage followed by another 5 to 6 years of water abundance. The cyclic patterns are mainly due to the construction time of desalination or NEWater plants.
Simulation Results Under Scenario 2
In Scenario 2 Singapore's population increases gradually from about 4 million in 2000 to 6 million in 2100 (Fig. 6(bi) ). This is simulated in model by setting the net immigration level at 80,000 per year from 2012 onwards. The total demand for water increases from about 500 million m 3 in 2000 to about 750 million m 3 in 2100. Because of the milder demand compared to that in Scenario 1, the adequacy index peaks at about 4 in late 2020s, meaning that the supply of water is four times more than the demand of water (Fig. 6(bii) ). In this case, Singapore enjoys high adequacy in water and full self-sufficiency of water from 2010 to 2040 (Fig. 6(bii) ). Shortage of water will only set in after 2040, 10 years later than that of Scenario 1.
If Singapore invests in underground water storage from 2040 onwards, then it needs to continuously pump up water. The water supply from this source reaches about 280 million m 3 in 2100 (Fig. 6(bii) ). Similar to Scenario 1, underground water alone is not sufficient to meet Singapore's increasing water demand. The adequacy and self-sufficiency indices stagnate at about 0.5 to 0.8 after 2040. The abrupt jump of the cost index in 2061 is due to the absence of imported water. This implies that, after 2061, the unit cost of water supply will increase significantly.
If the country invests in seawater desalination, then the annual supply from this National Tap could reach more than one billion m 3 in the 2090s (Fig. 6(biii) ). The long-term impacts will be similar to those in Scenario 1: Singapore will experience water shortage for about 5 years before enjoying high water abundance for another 5 to 6 years. As we assume that investments will only come to the water sector when there is inadequacy of water, the cost index has periodic peaks. The four peaks after 2040 are much higher than others, implying that the unit cost of water supply is more expensive after the supply from imported water stops.
The system responses are rather different when investments go to NEWater. From 2040 to 2060, the supply from NEWater follows a cyclic pattern, reaching about 500 million m 3 per year in later 2040s and early 2060s (Fig. 6(biv) ). After 2061, because of the water shortage, investments keep coming into NEWater, as shown by the steady cost index in the later part of this century. This results in a steady increase in water supply in the same period. However, the total water supply is still not sufficient to meet the total demand: after 2061, adequacy and self-sufficiency indices are both at around 0.7 to 0.8 (Fig. 6(biv) ).
Lastly, if Singapore invests in local water catchments in early 2040s, then in about 8 years' time, the limit of reservoir expansions will be reached (Fig. 6(bv) ). Note that in Scenario 1 only 6 years' of investments are needed expand the reservoirs to the fullest. This time difference is due to the GDP level in each scenario. In Scenario 2 the population growth is slower. This leads to a lower GDP level and, consequently, a lower amount of investments into the water sector. Again, the supply from local water catchments is not sufficient to meet Singapore's water demand: in later part of the century, both adequacy and self-sufficiency indices stay at about 0.7 (Fig. 6(bv) ).
In conclusion, the population growth in Scenario 2 is much more realistic than that in Scenario 1. The total water demand is milder. The long-term impacts of all four plans include higher adequacy and self-sufficiency indices compared to those in Scenario 1.
Simulation Results Under Scenario 3
In Scenario 3 it is assumed that there are no immigrants into Singapore and the country's birth and death rates remain constant. In this case, population will decrease steadily from more than 5 million in 2011 to about 1.6 million in 2100 (Fig. 6(ci) ). The total demand for water will drop to 200 million m 3 in 2100. Because of this steady drop in water demand, adequacy index will increase to 7.5 in 2030 and stays constant till 2061 (Fig. 6(cii) ). Similarly, self-sufficiency index will stay at 6 from 2030 to 2061, before dropping to below 1 in early 2070s (Fig. 6(cii) ). In other words, from 2010s to late 2060s, Singapore will have extremely high adequacy of water and full self-sufficiency of water.
If Singapore invests in underground water storage, then 45 million m 3 of water stored underground would lift the self-sufficiency index to almost one ( Fig. 6(cii) ). If the investments go to seawater desalination, then the system will again exhibit a cyclic pattern after 2070 ( Fig. 6(ciii) ). If resources go to expanding NEWater's capacities, then 200 million m 3 of used water could be reclaimed, leading to high adequacy and self-sufficiency indices in the later part of the century (Fig. 6(civ) ). If Singapore chooses to expand its local water catchments to the fullest, then the adequacy and self-sufficiency indices will both shoot up to more than 10 by the end of the century, indicating over-supply of water (Fig. 6(civ) ).
Even though Scenario 3 is an extreme case and is unlike to happen, it still gives us new insights into the water resources system. Water management policies depend heavily on the population policies. If Singapore chooses to have a declining population, then there is no need to invest too much resources into the water sector because there will be over-abundance of water supply till the 2070s.
3.2 Alternative Selection Using AHP By using AHP, decision makers could quantify their judgment through pair-wise comparisons of the criteria and the alternatives. In all three scenarios, the priorities of the criteria are the same: the relative weights of adequacy, self-sufficiency, and cost are 0.467, 0.467, and 0.067 respectively (Table S2) . For each scenario, the local and global weights of each plan are presented (Table S3 , S5, and S7). Results of the sensitivity analysis are also discussed.
AHP Results Under Scenario 1
In order to strive for sustainable water resources management, Singapore should pursue development plans in the following order of priorities: 1) seawater desalination; 2) NEWater; 3) local water catchments; 4) underground water storage; 5) status quo (Table S4 and Fig. 7(a) ). It is worth to note that the relative weight of investing in underground water storage (0.088) is almost equal to that of the status quo (0.080). This implies that, under the assumptions in SingaporeWater, investing in underground is inconsequential in the pursuit of adequacy and self-sufficiency in water.
Results of sensitivity analysis are illustrated in Fig. 7(a) . With respect to adequacy in water, desalination ranks higher than NEWater. However, with respect to self-sufficiency, NEWater has a small edge over desalination. In terms of costs, keeping status quo ranks the highest and (a) Fig. 7 a Performance sensitivity under three population scenarios. The terms "Adequacy", "Self-suffici", and "Cost" are the criteria for the overall goal of sustainable water resources management. The left y-axis represents the relative priority of each criterion, as shown by the vertical bars. The right y-axis represents the priority of each alternative with respect to each criterion. The "OVERALL" axis shows the overall priority of each alternative. b The efficient frontier under three population scenarios: the preferred direction is the one with lower cost index and higher self-sufficiency index (b) Fig. 7 (continued) investing in underground ranks the lowest. With respect to the overall goal of sustainability, investments in seawater desalination and NEWater are ranked much higher than the other three plans.
AHP Results Under Scenario 2
The priorities of the five plans under Scenario 2 are similar to those in Scenario 1: investing in seawater desalination and NEWater are of higher priorities compared to other three plans (Table S6 and Fig. 7(a) ).
In Scenario 1, desalination and NEWater are ranked much higher than local water catchments and underground water storage. However, in Scenario 2, the gap between them gets narrower ( Fig. 7(a) ). This means that in the case of milder population growth, investing in water catchments and underground becomes slightly more favorable. In other words, if the demand for water is milder, then it is less attractive to invest in more costly projects such as desalination and NEWater.
AHP Results Under Scenario 3
The situations in Scenario 3 are completely different. The AHP results suggest that Singapore should pursue development plans in the following order of priorities: 1) local water catchments; 2) NEWater; 3) desalination; 4) status quo; 5) underground water storage (Table S8 and Fig. 7(a) ). In particular, the global weight of local water catchments is higher than that of the other four plans combined. This means that investing in local water catchments is of ultimate importance. When the demand for water declines, the most sustainable development plan is to expand the local water catchments. Other plans become much less attractive in the case of the population decline. Interestingly, Plan 1 is of higher weight than Plan 2. This means that it is more sustainable to keep the status quo rather than investing in the costly underground water storage.
Two-Attribute Trade-Off Analysis
The average self-sufficiency index and cost index under Scenario 1 to 3 are tabulated in Table S9 , S10, and S11 respectively. These averages are obtained from SD simulation results for 2061 and onwards. This time period is chosen because 2061 is a critical year in which the imported water will be terminated.
In a plot of the efficient frontier, the preferred direction is one with increasing selfsufficiency in water and decreasing costs, as indicated by the blue arrow in Fig. 7(b) . Decision makers could start with the least cost alternative, and then decide if investing more resources to reach the next best alternative is worthwhile.
In Scenario 1, the efficient solutions, on the efficient frontier, are "Plan 3 Invest in desalination", "Plan 4 Invest in NEWater", and "Plan 5 Invest in local water catchments". "Plan 2 Invest in underground" is clearly dominated by the three efficient solutions. This is consistent with the AHP results, which demonstrates that the proposed underground water storage system is of a much lower priority compared to other plans. In Scenario 2, the efficient solutions are still Plan 3, Plan 4, and Plan 5. Similar to the situation in Scenario 1, these three plans also dominate Plan 2 by a large margin. In Scenario 3, a case of declining population, the most efficient plan is "Plan 5 Invest in local water catchments". All other plans become less efficient because the demand of water is declining in this scenario.
Conclusion
Driven by real-world data, SingaporeWater SD model adequately captures the essence of the integrated water resources system in Singapore. AHP takes in the judgment of the decision makers and helps to quantify the priorities of various development plans. This novel integrated SD-AHP decision support approach has provided new insights for sustainable water resources management. More specifically, this study provides the following key research findings:
(1) The proposed underground water storage could store extra rainfall, alleviate the risk of flooding in urban areas, and diversify sources of water supply. However, because of its limited capacity and long construction time, it cannot be the country's main source of water supply. Furthermore, if it is built in 10 million m 3 only, as suggested by Prof. Lui, then it is not going to have a profound impact on Singapore's adequacy and selfsufficiency in water.
(2) If investments only go into the water sector when there is inadequacy of water, then there will be periodic and drastic oscillations in water supply, mainly due to the constructions of new water plants. For instance, the long-term impacts of investing in seawater desalination is that Singapore will experience 5 years of water shortage followed by another 5 to 6 years of water abundance. This highlights the need to plan well in advance.
SingaporeWater SD model is able to simulate when and how much capacity expansions are most suitable for Singapore. (3) The situations in the water sector depend heavily on the population policies. This is shown in the AHP results for three population scenarios. If the population increases rapidly or mildly (Scenarios 1 and 2), then the priorities of plans are: 1) seawater desalination; 2) NEWater; 3) local water catchments; 4) underground water storage; 5) status quo. In fact, the global weight of underground water storage is almost equal to that of the status quo. This implies that it is almost as inconsequential as status quo. If Singapore chooses to have a declining population (Scenario 3), then there is no need to invest too much resources into the water sector because there will be over-abundance of water till the 2070s. Therefore, policies for sustainable water resources management should be tailored to the country's long-term population policies, so as to optimize resource allocations.
This study has provided new insights for sustainable water resources management in Singapore and other countries who want to analyze and manage their water resources holistically. The novel integrated decision support tool, together with real-world data, could be applied to many other similar situations around the world in which policy makers need to make critical decisions with significant long-term implications, both in water systems and beyond.
